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1.0 BacGk~g~round

Military pilots and crew members are periodically exposed to abrupt
changes in uniform linear motion, as observed by accelerations resulting
from emergency egress, parachute opening shocks, crash/impact events
and blast induced effects. The type of injuries associated with these high G
scenarios have been documented to include head, neck, and spinal injuries
ranging from mild trauma to death. The ability to quantify the relative
motion, accelerations, forces, movements and loading at specific anatomical
locations (head, occipital condyles, T1, thorax and base of the lumbar spine)
would provide detailed information associated with injury mechanisms and
potentials; and aid in the evaluation and testing of life support and escape
system/crashworthy seat equipment. Detail biodynamic response data would
become the driving function for advanced seating systems,
protective/restraint systems and overall cockpit design.

Researchers attempting to identify and quantify human response to
transitory acceleration, have commonly utilized analog surrogates, due to
limitations imposed by human testing within these environments. These
analogs have included cadavers, non-human primates and manikins. The
use of manikins for testing and evaluation of restraint systems,
crash/impact protective systems, physiological acceptability of military
material and injury potentials is well documented by the military and
automotive communities. In the past, the extensive sensor and
instrumentation requirements necessary to provide the six degree of
freedom information required to precisely define the time history of
selected anatomically correlatable points required large volumes to be
dedicated as instrumentation mounting. These large volumes, and rigid
mounting structures have limited the deformation characteristics of the
manikin minimizing the degree of biofidelity attainable and limiting the
consequent parallel to human response.

The evaluation of ejection and crashworthy seating systems has
traditionally been based on track and tower tests employing instrumented
dummies. The manikins function to load the seating system evaluating
system performance and human tolerance. The data generated in these tests
is correlated to experimental human test or cadaver data in an attempt to
assess injury mechanisms and potentials, and as a validation criteria of
manikin blodynamic response. A lack of standardizatior has made relative
comparisons between results from different laboratorli., or test programs
difficult and sometimes impossible, Information regarding instrumentation
location, orientation, and pre and post processing of the data is often
insufficient to reconstruct the 3D time, history of occupant response to a
specific acceleration input. The development of sophisticated and complex
escape systems and :rashworthy seating require a reliable, repeatable and
fully Instrumented standard manikin that will accurately interact with the
escape or protective system to produce realistic/seat occupant response
enabling accurate assessment of system performance and associated injury
potentials. The manikin muqt provide the biofidelity of its human
counterpart, while concurrently supporting the instrumentation and
electronics necessary to measure and record the dynamic response, making
direct comparison between manikin data and known response possible.
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1.1 Historical Manikin Development

The earliest recorded testing involving an anthropomorphic dummy was
conducted by Start and Roth (1944) of the Dornier Werke in the development
and testing of an ejection seat for the D0335 aircraft. This dummy was a
simple wooden form used primarily for ballasting the scat with
representative body weights. The best known early design is probably the
rugged ejection seat dummy built by Sierra Engineering Company for the
Air Force about 1949. Although it had limited articulation and poor
biomechanical fidelity, it filled au important need in the industry as a
human simulator. In 1954, Alderson Research Laboratories, Inc., created the
first mass production dummy which was unique because of its modular
design. This technique permitted new parts to be added as needs and know-
how changed over the next decade. In 1967. both major dummy
manufacturers marketed new devices which featured increased articulation
in the vertebral column and shoulders plus increased compliance in the
thorax. These were' worthwhile changes even though, on an overall basis,
the fidelity of duplicating human impact response was still limited. In 1968,
the SAE Recommended Practice J963 was published as a partial definition of
a 50th percentile anthropomorphic test device. Although deficient in many
respects, it was a first step in specifying many of the items which are
required to achieve standardization. Alderson upgraded their designs to
meet J963 in 1968 and 1971, while the Sierra counterpart appeared in 1970.

Todays most commonly utilized GARD dummies, typically employed for
escape system testing, serve more as an instrumentation platform than a test
article to quantify seat-occupant interaction. For dynamic tests, they
provide a convenient structure to mount instrumentation and telemetry
packages, provide ballast to alter seat acceleration profiles, and are used to
represent typical anatomical segment cross sections subjected to windblast
and detection of deficiencies in clearance enveloped provided.

The advanced manikin forms of today (Hybrid III type manikin and the
ADAM) represent the state of the art technology in attempting to produce a
biofidelic human analogue. The ADAM 1 introduced a flexible spine design,
based on the conclusion that having an elastic spine in the vertical
direction coupled to the buttock spring assembly, created by the skin/form
buttock coveriig would provide adequate simulation of human response to
impulsive loading in the veitical direction. Illustrated in Figure #1 is the
ADAM flexible spine, consisting of a linear spring/damper unit (automobile
olco strut), providing damping to impulsive inputs of the upper torso. An
upper/lower tube assembly provides the yaw motions of the upper body
with respect to the pelvis. Pitch and roll motions of the upper torso with
respect to the pelvis are provided by the lumbar articulation mechanisms.

The Hybrid III type manikin illustrated in Figure #2 is a state of the art
manikin, with human test data available for comparison and validation of
iesponse. The Hybrid III has become a standardized test article utilized at
"various laboratories with promising results. The Hybrid III is a flcxible
manikin capable of three dimensional response to an omni directional
input, consequently exhibiting a realistic interaction with restraint and
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seating systems under test. This manikin has been chosen by the Navy to
update testing protocols associated with escape and safety equipment.

The development of Hybrid III by General Motors can be traced back to 1971
and its history, objectives and attributes are briefly outlined below.

Hybrid 1 (1971)

* Standardization of parts
* Interchangeability and ease of repair
• Designated Instrumentation location
. Improved test reproducibility
* Head tri-axial instrumentation (head center of gravity)
* Molded rubber neck
"* Repeatable and durable but not biomechanically based
"* Thorax tri-axial instrumentation (at center of gravity)
"• More anatomically correct pelvis
"* Femur load measurement (standardized load cell)
* Impnroved knee flesh covering

Hybrid II (1972)

* Improved repeatability combined with durability and serviceability
* Redesigned skull to eliminate mechanical resonance
* ImprovLd head-neck interface
* Rubber neck retained with redesigned neck mount
* Improved thoracic structure
* Self centering shoulders with a better distribution of load in the

shoulder region
Incorporated butyl rubber lumbar spine

Part 572 Dummy

The Part 572 dummy is a Hybrid II dummy developed as a repeatable
lap/shoulder harness test device and was used for limited qualification
testing of air-bag restraint syFtems. It is a 50th percentile adult male
dummy specified in the Code of Federal Regulations to be used for
compliance testing of passive restraint systems.

ATD 502 (1973)

Incorporated blomechanically based geometry, moment of inertia and
hard surface impact response

' Polyacrylate neck with improved damping characteristics
• Adjustable neck mount (pitch)
* Thoracic structure (similar to Hybrid II) redesigned in the shoulder to

improve belt-to-shoulder interface.
' Constant torque shoulder and knee joints
* Polyacrylate lumbar spine
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Deficiencies in the aforementioned dummies are as follows:

Lack of biomechanical response

Neck, Thorax, Knees

• Lack of measurement of biomechanical parameters

Neck axial and shear loads
Moments about the occipital condyles
Sternal to thoracic spine displacement

Hybrid III (1975)

4 Serviceability, durability and setup stability improved over Hybrid II
and ATD 402 dummies.

0 Measurable improvement in component biofidelity.

4 Significant imprw)vement over ATD 502 in following areas:

New Neck
Redesigned thorax
Redistributed lower torso weight

1.2 Hybrid III Deserintion

In addition to the structural modifications indicated, instrument- -on
capabilities were, expanded over those existing in the ATD 502. Tranw -rs
were incorporated in the Hybrid III design to measure orthogonal ..- oar
acceleration components of the head, chest, the sagittal plane reactions
(axial and shear forces and bending moment) between the head and the
neck at the occipital condyles, the displacement of the sternum relative to
the thoracic spine, and the axial femoral shaft loads.

The Hybrid III head consists of an aluminum shell covered by constant
thickness vinyl skin over the cranium, incorporating a tri-axial
accelerometer package located at the center of gravity. The neck exhibits
one piece biomechanical bending and damping response In flexion and
extension. Three rigid aluminum vertebral elements are molded in butyl
elastometer, providing the high damping characteristics. Aluminum end
plates attach the segment to the head and thorax, with a steel cable running
through the center of the neck. Special transducers to measure axial and
shear loads and moment about the occipital condyles have been developed.
The thorax of Hybrid III is similar to both Hybrid II and ATD 502. It consists
of 6 ribs, connected to a welded steel spine. The whole assembly is ballasted
for correct weight and center of gravity location. The spine provides for
attachment of the neck, clavicles, ribs and lumbar spine. A tri-axial
accelerometer package also located at the center of gravity, along with a
rotary potentiometer to measure chest deflection accommodating upto 90
mm of deflection.
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The lumbar spine is a curved polyacrylate elastometer with molded
endplates for attachment to the thorax and pelvis. Two steel cables run
through the central section. The lower body had correct weight distribution
and is ordinarily cast in a seated position. The hip joint is a working joint.
but the gluteal and abdominal cast would have to be modified to allow for leg
extension. A detailed description of the Hybrid Hlt can be found in Foster
(1977).2

1.3 DASS: Hybrid ITTI Integrated Data Acouisition and Storage System

Applied Physics Inc. has developed a documented 3 '4 .5 expertise in the
design, development of data acquisition systems for manikin applications. A
feasibility prototype data acquisition and storage system was designed,
developed and tested; compatible with the instrumentation requirements as
defined by the Naval Air Development Center. The system tested the
required high sampling frequencies and system throughput rates defining
the data storage requirements in terms of memory and execution speed. The
microprocessor based system supported 32 signal conditioned signals,
sampled at 2000 Hz for 6.6 seconds. The system resolution was based on tri.
service requirements. The system configuration supported signal
conditioning (variable gain, tunable filter and S/H), A/D conversion, and
storage. Additional RS232 communication was provided to download data post
experiment to a supporting IBM PC. The prototype was designed to
demonstrate system feasibility, performance reliability under the
environmental conditions outlined. The system performed successful upto
36 O's, 1800 0/sec onset as tested on the horizontal accelerator at NADC.

This effort was followed by the development of a fully manikin integrated
system. The system was retrofit into a modified Hybrid III type manikin,
housing all electronic components within the chest cavity. The system was
designed to handle 96 channels, typically sampled at 2000 Hz (maximum of 10
KHz), and covering experimental times of upto 12 seconds. As before, the
system was structurally and functionally tested at the NADC upto 40 O's with
onsets upto 1800 G/sec. The system was based on a 68000 microprocessor
housing 4 Mbytes of RAM memory, 96 channels of hybridized signal
conditioning, (developed by Applied Physics), and high speed 12 bit A/D
conversion, Additionally, the system integrated with a battery subsystem
providing all system power and a MMP 600 PCM telemetry system. As before,
the system interfaced (via RS232 and high speed GPIB link) to supporting
IBM PC, providing an offload media for data recovery and processing.

This development effort successfully demonstrated the capability to
fabricate a fully instrumented standalone manikin prototype functioning as
a standardized test platform. However. due to the retrofit nature, and the
extensive NiCad battery assembly (specified by the Navy) significant weight
was added to the manikin. Additionally, the mounting of the data
acquisition system within the chest cavity significantly limited chest
deformation capabilities, and altered the biodynamic characteristics of the
manikin.

9



2.0 Phase I AnalysislPhase II Recommendations

2.1

The objectives of this contractual effort focus on the design, development
and fabrication of an enhanced manikin, providing a high degree of
biofidelity and a biodynamic response, simulating that of its human
counterpart. The manikin will internally provide all transducer/sensors,
data acquisition and storage electronics and power to enable the measure.
recording and reconstruction of the six degree of freedom response of key
anatomically correlatable pcints to the environments of Interest. The
design objectives are to provide modularity In design, low maintenance,
structural Integrity and a repeatable dynamic response.

2.1.2 Dynamic Response Obiectives

In order to adequately simulate human response and interaction with
aircraft escape and protective subsystems, the manikin must adhere to key
anthropometric measures and specifications, along with the inertial
properties, articulation and segmentation of the human. The manikin
articulation must be in safficient degrees of freedonm to simulate response at
carrelatable anatomical points of interest. These points can be closely
related to the areas of injury typically associated with emergency egress
and crash/impact events. The primary areas of interest focus on the
injuries obsurved at the head, neck and spine.

One database for injury identification, are operational statistics, defining
injuries resulting from various aircraft and ejection accidents. A recent
and comprehensive revi.w of acceleration related injuries (1972-1980) in
the helicopter environment is that by Shanahan 6 (as reported by Coltman
in 1986). the injuries focussed on spinal fractures with the distribution
primarily in the TIl to L4 region with the highest incidence, by far,
occurring at LI. Naval ejection seat related injuries (1969-1979), as reported
by Guill 7 (1981), focus on spinal injuries concentrated in the T6-LI region,
with principal modes at T7-T8 and Li. Cervical injuries concentrated at C2,
were also evident, attributed primarily to parachute opening shock, canopy
penetration, parachute riser entanglement and aerodynamic lift created by
the helmeted head during high air speed ejections. Further Injury statistics
have been reviewed by many researchers, as summarized by Kazarian, 8

where the distribution of spinal injuries are illustrated by comparing the
injury statistics of Kaplan, Nicoll, Ewing, Jefferson. shown in Figure 3.
Nicoll's and Jefferson's data indicate the distribution of spinal fractures
arising from clinical statistics and Kaplan's from US Army injury statistics.
Clearly, the statistics reveal the thorcolumbar spine as the region most
susceptible to injury.

2.2 Manikin

It is proposed that the enhanced manikin form resulting from this
development effort be based on the existing Hybrid III type manikin.
Applied Physics has extensive experience in the mechanical structure of
this manikin and has developed many components to retrofit the manikin

10
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enhancing capabilities and performance. The ADAM manikin represents a
complex non-modular design, where all comporents (i.e., Data Acquisition
System, batteries, etc.) are integral parts c. the manikin, making
modification difficult and costly. Due to its basic integrated architecture,
the ADAM represents a significant cost, beyond the of the Hybrid III.

The basic Hybrid III will be purchased from First Technology Safety
Systems, based on a 50th percentile aviator as defined in the Tri-service
specification. 9  The manikin will integrate with a DOT part 572 head, and
Hybrid III neck, to provide an improved compliance with helmet testing
requirements. The manikin will be delivered with the upright posture
lumbar spine, as opposed to the "slumped-lumbar" spine, however, the spine
will be retrofit with the design proposed in this report. The manikin skin
will be molded in a seated configuration, however, the option to support a
removeable and interchangeable skin contour varying the skin contour
from seated to standing Is desirable and will be further investigated in
Phase II. The manikin legs will provide full extension, as allowable by the
pelvic skin to conform with parachute testing modes.

2.3

Clearly, the injury statistics analyzed indicated the thorocolumbar spine as
the region most susceptible to injury. It is proposed that to better stimulate
human spinal response and dynamics, a flexible spine, highly articulated
and compatible with the existing Hybrid II head, Hybrid III neck, shoulder
and pelvic assemblies be developed and integrated Into the manikin.

Review of the human spine configuration and dynamics indicated several
key parameters to be considered. First, the initial position of the spine or
contour varies as a function of standing position, seated position and seat
geometry. Secondly, the spine exhibits a non-linear response when exposed
to an accelcration profile, Finally, spinal compression varies as a function
of vertebra and loading. Since these response characteristics are not
uniformly distributed throughout the spine, key anatomical locations were
identified with simulating mechanical design features incorporated at these
locations.

Review of spinal initial position can be summarized in Figure #4. Indicated
is the extensive variation of spinal contour, as function of seat geometry.
The tri-service representation illustrated in Figure #5, is based on 900 full
upright seating. In contrast, the DOT10 representation. illustrated in Figure
#6, focuses on spinal contour conforming to a hardseat arrangement
simulating commercial automobile seating. Clearly, a portion of the varying
spinal contour is attained by a variation of the pelvis orientation, relative to
the seat base. However, it is unlikely that a mechanically equivalent pelvis
enclosed is a premolded polymer skin will enable that degree of pelvis
rotation. Indicated Is the need to provide several adjustment locations
within the spine to enable modification of the contour. Additionally, due to
limited pelvis rotation, an increased adjustment capability will be required
at approximately the L5 or start of the lumbar spine position.

12
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In an attempt to address the non-linearity of spinal response, a typical
midsagital plane response envelope, as illustrated in Figure #7, was
analyzed. This typical response was extracted from the ADAM RFP, 1 I
digitized and scaled to a 50th percentile geometry, based on overall spine
length as defined by the tri-service specification. The seated initial position
defined as normal, closely correlates to the position defined as tri-service in
Figure #4. The non-uniform spinal bending is observed in both flexion and
extension defining the areas requiring increased bending capability.
These areas are indicated as "A" and "B" in the flexion and extension
profiles, respectively. Work done by Privitzer 12 and Belytschko, simulating
the dynamic response of the spine under 0z loading as a function of time as
illustrated in Figure #8. Indicated is a spinal compression and change In
contour as a function of load and load duration,

Various specified response characteristics have been detailed within the
AATD, 1 3 defining both head rotations relative to the torso as a function of
movement about the head-neck junction, and the response of the
thoracolumbar spine, as a function of moment of applied force about the H-
point axis. However, as detailed as these profiles are, they provide limited
design input and act more as test envelope in which to demonstrate the end
product manikin response. The data does indicate the requirement to enable
calibration or adjustment of the mechanical spine modifying the response
characteristic,

2.3.1 Mechanical Configuration

Due to the limited dynamic response characteristics of the Hybrid III spine,
and consequent Inability to accurately simulate human response, it is
recommended that a flexible spine be developed and Integrated into the
proposed enhanced manikin, The proposed design is based on a mechanical
vertebra structure, simulating the dynamics of Interest and providing the
instrumentation to measure the loads, moments and acceleration at key
anatomically representative points. The spine will provide adjustment
capatilities to alter the initial position or contour of the spine, and preload
or calibrate the spine to alter the dynamic response (flexion, extension,
bending and compression).

Illustrated in Figures #9A and 9B are variations of the proposed flexible
spine, consisting of multiple vertebra, adjustment blocks, load cells,
mountings for the head and shoulder assemblies, and an alternative or
support rigid segment. The spine supports a modular design, subdivided Into
three distinct sections, corresponding to a lumbar region, thoracic region
and neck. Each region or section supports a dedicated central cable
assembly providing Independent adjustment or calibration over each
region. The cables can individually be adjusted to modify or alter spine
response to conform with the envelopes dctailed in the AATD. As illustrated,
the spine interfaces or mounts to the pelvis via a Denton load cell, located at
the anatomic L5 position as defined relative to the hip position (H point).
The spine as shown in both figures consists of several modular components
stacked to satikfy the response and adjustment characteristics. One such
component is the mechanical vertebra illustrated in Figure #10. Each
mechanical vertebra consists of a 3 inch diameter, 86 durometer rubber

16
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cy!inders, adhered to aluminum top and bottom mounting plates. These
vertebra will be available in 2" and I" heights as required. These vertebra
will provide the bending and compression characteristics as outlined.
Hyper extension and flexion will be accomplished in a similar manner to
that of the Hybrid III neck by slotting certain vertebra at the anatomic
locations indicated. A second component of the proposed spine are the
adjustment blocks, enable the initial position of the spine to be adjusted to
conform to varying seat geometries. Two such adjustment assemblies arc
illustrated. In Figure #9A, a screw type mechanism Is Illustrated enabling a
continuous spinal adjustment over 11 ,egrees. The basic problem of such a
design is the lack of repeatability In a,..,osting the spine to exactly the same
position for each test. As a preferred alternative, adjustment wedges as
illustrated in Figure #9B, will be fabricated to enable fixed adjustments to be
made on the spine contour. Several wedge sets will be provided to enable
initial position adjustments. These wedges will be horseshoe shaped and
provide a hallowed central area to enable access and adjustment of the
central cables. The final component of the spine are the load cells
providing key force and moment Information. The load cells will be based
on the Denton C1709, having mounting plates incorporated for inclusion at
TI and TI7. These modular components will be held together by the internal
cable and a strap assembly as Illustrated In Figure #11. The strap assembly
provides an easy means of disassembling and restructuring the spine,
Alternatively, each component of the spine can be bolted together. Finally,
as illustrated In Figure #9B, a modular and compatible rigid spine segment
will be constructed to substitute for the three thoracic vertebra, providing
an alternative configutation,

The lumbar region of the spine consists of an LS/L4 adjustment assembly,
providing approximately 30 degrees of spinal adjustment relative to the
pelvis, This bracket will enable a wide range of adjustment to compensate
for the typical pelvis rotations outli-ed. Coupled to the L4/L5 adjustment
assembly are three mechanical vertebra providing the compressive,
bending and rotational characteristics of the lumbar spine, To provide the
non-uniform bending at sections such as L3/L2; T12fTlII TI/T2 as indicated
in the responses illustrated in Figures #7 and 8, the rubber vertebra will be
slotted similar to that shown on the Hybrid Ill neck. The exact slot locations
and depths will be determined during phase II prototyping. The thoracic
region of the spine provides a load cell mounting at approximately the
LI/TI2 position. On either side of the load cell, an initial position mounting
wedge. The load cell at the TI position, represents the upper portion of the
thoracic spine. As before, an adjustment wedge assembly provides Initial
position adjustment of the neck relative to the thorax and adjustment of the
central cable of the thorax. Coupled to the wedge assembly Is a shoulder
mounting assembly interfacing the flexible spine to the existing Hybrid III
shoulder mechanism. The shoulder assumbly Is approximately located at T4,
corresponding to the existing Hybrid III position. Between the TI-T12 load
cells arid adjustment wedges are three vertebra as previously described. As
an option, the three vertebra can be substituted by a rigid spine segment as
illustrated in Figure #9B. Tlie spine will support the existing Hybrid III
head, modified to interface with the Hybrid II head.

The spine as illustrated provides r. roiodular, stackable, multi-segment spine,
providing easy access for cable adjustment, initial position adjustment and
disassembly. It is recommended that the spine be disassembled at a
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minimum of four locations corresponding to approximately CI/C2, TI. TIO-
T12 and LU, Load cell will be provided at CI-C2, Ti, and LS. a mounting block
will be provided at approximately T12 for future inclusion of the load.

The current effort recommends the utilization of the existing Hybrid III
ribs, mounted to a spring steel assembly, riding along the flexible spine.
The details of this assembly will be addressed, under phase II, taking into
account the spinal flexibility and motion, along with the required 3 inches
of chest deformation.

2.4

In order to provide the spinal flexibility and chest deformation
characteristics (approximately 3 inches), it is necessary to offload the
weight and structure introduced by the inclusion of the data acquisition
system into the chest cavity. Analysis of current manikin pelves, such as
the Hybrid II and lXI are both disproportionately heavy, as documented by
Reynolds 14 (1982) and Frisch 1 5 (1987) based on the fraction of total weight
and are anthropometrically non-representative of the aviator population.
Applied Physics proposes the design of a mechanically equivalent pelvis to
the spatical geometry documented, providing both a anthropoinetrically
representative pelvis and a housing or mounting assembly for the
electronics proposed. The pelvis design would account for the placement of
the load cell at the base of the spine.

The initial analysis focused on the existing pelvis geometry supported by
the Hybrid III, The Hybrid III basically supports two pelvis geometries one
for the 50th percentile, Illustrated In Figure #12, and one for the 5th and
95th percentiles, as illustrated in Figure #13. The detailed dimensions
corresponding to each is provided in Table #1, (data piovided from First
Technology Safety Systems).

In order to design a new enhanced and anatomically representative pelvis,
specific key parameters defining the pelvis geometry had to be determined.
The parameters utilized as guidelines to the pelvis geometry are derited as
illustrated in Figure #14. Applied Physics studied the geometries developed
by Esther Pryor 1 5 for USAARL, illustrated in Figure #15, the DOT geometry,
illustrated in Figure #16 and the Reynolds models developed for the FAA.
For each case, the parameters of interest are listed in Table #2. Clearly,
there is a close correlation between all the data sets, as one woulu expect.

Applied Physics recommends the development of a custom pelvis, based on
the geometry outlined by Pryor reflecting tri-survice anthropometry. The
primary function of the pelvis Is to proide an anatomically accurate
representation of the human pelvis, while simult~.neously providing a
mounting platform for a portion of the data acquisitioni and storage
electronics. The recommended design Is illustrated In Figure #17, consisting
of several primary components, The main structure is a welded box like
structure, consisting of 3/16 - 5/16 steel plates (top, bottom, 2 sides),
providing t0 structural integrity necessary for the environments in
question. Within this box structure is the analog signal conditioning
portion of the data acquisition and storag" stem to be described in later
sections. the front and back nlates (3/16 . "um) providc access to the
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electronic and integral cable harness. The leg sockets are drilled, tapped
and bolted to the side plates of the pelvis and are designed to be compatible
with the existing Hybrid III femur assembly. The size and position of the
socket assembly can easily be altered for varying size pelvis geometries.
The L5 or load cell plate bolt to the top of the pelvis positioning the axis of
the load cell to align with the L5 coordinate system. As in the case of the
sockets, this assembly can be repositioned, to accommodate varying
geometries and load cells. The final portion of the pelvis is a aluminum
casting providing the contour and shaping of the pelvis. The casting is
removeable via a multiple bolting arrangement and replaceable to alter the
pelvic contour.

2.5 Instrumentation Requirements

There are basically four Instrumentation options available to quantify the
six degree of freedom motion of the segments monitored. The first is a
combination of three linear accelerometers (measuring the X, Y, and Z
responses) and rate gyros measuring the angular velocities about the
respective axes. Differentiation of the angular velocities provide the
estimates of angular accelerations required to solve the equations of motion.
In the second option, in addition to the three linear accelerometers, angular
accelerations are monitored directly and the data integrated to obtain
angular velocity estimates. Option 3 uses an array of six accelerometers,
where angular accelerations are derived from differences in the respective
linear accelerations measured, divided by the distance separating them. It
should be noted that the cross terms involving the angular velocities are
derived from the angular acceleration terms in the previous time step.
Consequently, derivations conducted at time "t" are directly dependent on
existing conditions at time "t-l.° This has some solution stability
implications and instrumentation packages based on such an array should
not be employed in long pt;e duration events. Finally, under the last
option (Option 4), a cluster of nine accelerometers can be used to obtain
separate estimates for both the angular acceleraticiis and angular vel ity
cross terms (equations not shown) and these estimates are functions sa..ely
of differences between respective linear acceleration terms existing at time
"t". This provides for increased stability over option 3 but still suffers under
the experimental run time constraint, making it unappealing for ejection
seat testing covering the catapult, rocket and parachute opening shock
phases. Figure #18 indicates the equations for the four options, yielding the
parameters necessary to resolve the equation of motion below:

Ap- Ab + wb) (Wb d) + wbpd

AxP AxB + Wpn (wrBdy - wpBdx) - wya (Wybdx - Wrbdz) + WpBdz - WyBdy

AyP m AyB + WyB (wpBdz - wyBdy) - wrB (wrBdy - wpBdx) + wyBdx - wrBdz

AzP = AzB + WrB (wyBdx * wrBdz) * wpB (WpBdz - wyBdy) + wrBdy - WpBdx
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Instrumentation packages based on all four options have been constructed
and utilized by NBDL and NADC in various experiments. The accuracies of
the estimates provided by the rcspective configurations have been cross
validated and form the basis for the theoretical considerations choice of
configuration for inclusion into the manikin.

Addltionally, commercial six element load cells as available from Denton
Inc., :,ave been employed in femur instrumentation, as well as in the neck
and pelvic regions of the Hybrid II and III manikins. The small size and
performance make these sensor reasonable candidates in monitoring the
responses of the proposed manikin.

It is proposed that the manikin be instrumented as defined in Table #3 and
illustrated in Figure #19.

2.6 Sensorsa

Linear Ageelerarr.etes

For linear acceleration, piezo resistive miniature accelerometers have been
routinely used by both the automotive industry and the military for escape
system testing. Both Entran and Endevco manufacture suitable
configurations, making them ideal candidates for manikin instrumontation
due to their size, weight and low power consumption characteristics.
Additionally, their adoption poses no risk, since they have been extensively
employed in the environment under discussion.

It Is recommended that the Entran EGA-125 series miniature accelerometers
be utilized. The EOA-125 is a piezo resistive device utilizing a fully active
semiconductor Wheatstone bridge providing a high output enabling the EGA
to directly interface with monitoring systems. The sensors are fully
compensated for temperature changes within the environment. The EGA-
125 is functional from steady state to high dynamic responses and is rang•t
for "0" loads ranging from 50 to 50000. The EGA specification anr
configurations are illustrated in Figure #20,

Angular Acceleronmeters

The utilization of the Endevco Angular Accelerometers Model 7302B is
proposed for the measurement of angular acceleration. The 7302B are plezo
resistive de% ces measuring torsional vibration. The unit is unaffected by
linear shocks upto 25000 or by angular shocks by 10 times the over range.
The sensor provides temperature compensation upto temperatures of 250 0 F.
These sensors have been utilized at NBDL as reported by Wilhems. 1 7 The
specification and mechanical configuration of Endevco Model 7302B is
illustrated in Figure #21.

Review of 7302B sensor performance at NADC (Dr. Philip Whitley) has
revealed some problcms in the repeatability of men. urements at the angular
accelerations of interest, The performance of these sensors must be further
investigated during phase II prior to auy cost commitments.
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Minimum Sansor Conflauration

Channel 1 Head, Lit. Acoel
Channel 2 Head, Lin. Accel Located at head e.g.
Channel 3 Head, Lin. Accel

Channel 4 Head, Angular Accel Located nea head e.g.

Head. Angular Accel Provide angular accel
Heads Angular Accel connectors only

Channel 5 C,-C, Force along 2 Axis (F&) Located at centroid
Channel 6 C,-C, Force along X Axis (F,) of C-C, joint
Channel 7 C,-C, Hom about Y Axis (H)

C.-C, Hom about 2 Axis (Ms)
C,-C, Force along Y Axis (F,) Load cell connectors
C,-C, MoM about X Axis (MR) only

Channel I C,-T, Lin. Accul along X (AJ) Locate at forward
Channel 9 C,-T, Lin. Accel along Y (A,) edge of vertebra
Channel 10 C,-T, Lin. Aocel along 5 (A,) nentrum

Channel 11 C,-T, Foare along Z Axis
Channel 12 C,-T, Force along X Axis Locate at spinal
Channel 13 C,-T, Morn about Y Axis column centroaid
Channel 14 C,-T, Mon about X Axis

C,-T, Forae along Y Axis (F,) Load cell oonnaoko:.
C,-T, Morn about 3 Axis (H,) only

T,-#,, Provide space only for
easy retrofit (6-channel load cell)

Channel 13 sternum X displacement (8m)
at T, attachment point

Channel 16 sternum Lin. Accel As Locate at T, intercept
Channel 17 sternum Lin. Accel A, with sternum

Channel 18 L3-8, Force along 2 (F,)
Channel 19 L,-s, Force along X (Fr) Locate at spinal
Channel 20 U•-3, Hom about Y a is (H,) column centroid
Channel 21 L4-s, Horn about " axis (H.)

1,-s, Force along Y (F,) Load cell connectors
I,-8, Hom about Z (H1 ) Only

L 4-8,-A, Av,A. Lin. accel mount provisions only
at forward edge of
vertebra centrum

- Linear accelerometers, ±10o g for torso

Linear accelerometers, ±500 g for head

- Angular accel.rometers, 12,000 red/see'

- Force/load values

Lower :pine compression, 6,000 pounds
Upper spine compression, 2,000 pounds
Leg bone compression, 3,000 pounds

SENSOR INSTRUMENTATION
TABLE 3
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- _~SPECIFICATIONS- --

MODEL EGA-125 EQA 125 ECA-125 EGA-125 IEGA-125 EGA-126 EGA-125 EGA-125 EGA-125 EGA-125

RANGE *50 *109 *25g *sgg *1009~ *2509 *5009 ±10000t *2500g *5000g

'OVERHANGE *25V *509 *125g ±*250g *500g *1250c *2500g *3000C *50009 ±lOOOOg

SENS. uVi1gemr. 15 12 5 4 251 1 0.5 0.25 0.1 0.05

IIES. FREQ. asm. 300 Hi 500 H±Z j±00 1200 H2 1 1500 Hz 2000 Hz 13000 Hz 14000 Hz 6000 H2 1 80O Hz

"OPP.ThE.U11HELF'. STOCK IN EOA-125-100, -1000 AND -2500 AND SGA.121P.IOD01, -1000 AND -2500 DAMPED
VERSIONS.

NON-LINEARITY ____ ______ INPUT IMPEDANCE im S 1 -000 W. I2wth oQouput'aa

7HANSVERSE SENS. O% UTPUT IMPEDANCE m1ini.0:W2=211
THERMAL ZERO :kl%F.SJ100*F EXCITATION lIVOC

THERMAL SENS. *2V&%IlCa'F COMPENSATED TEMP. W19 I40-01

WEIGHT %e gpm nom (wdo Iseads) oFrII.,4NG1 TEMP. *4OF 10 250P (40C O1IC
'Usalullisquency angaIs 2O.b olflhsonl Fiaquancy lOvaffanga ot fwuse within 30% ofl itsonant Fe~aunr.y lAvalloble with 01v damping to irftaasuseful
tango is high as 50% of ,esswance with ovetianga t of st ,isqusnclesba iut"luln 10OAMPIN 'lots ollso1 of * I SmV man at 01FP allta waimuc Lowet volume
available on Illithiet 1*2W%.S11400*1 for So Model 11Other Ectatialons and Tommoature Penana -available an IWAcua.

ROAl1 25 ______________24 ____________

1401601AWO 34 -142

(3 Sol 3 (4510) -' Taflon' Itioulatd od

140 3.j Hill H, Compeinsiation Module
1356)~~ 6li~i lls, maxa 1% naom

14mn' dim max a 32 nofll
41timznchea

I Accelerometer Iodul msa tto RE 1.l!.., OU

Entran N._HT 4 U

- - ~~~~OPT16NAL MOUNTING STYLES_______

270 20 COOPS(l50

135T it ST(34)

(01 41 VGA*1251M)
11110A.1 215111- 10A1211Hi4 RGA-125SR-VA15

LINEAR ACCELEROMETER
FIGURE 20
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As an alternative, both the 6 and 9 linear accelerator clusters could be
utilized as documented by Becker and Willems18. Additionally, the DART
units used by NADC and NBDL could be substituted. These are of course not
solutions of choice, but will resolve the problem, at some additional cost.

It is recommended that the load cell requirements of this program be
satisfied utilizing the Denton series of six axis transducers commonly
utilized in both the automotive and aerospace environments. The six axis
neck transducer (Denton C1709) is illustrated in Figure #22. The load cell is
designed to be compatible with both the Hybrid II and Hybrid III head and
neck assemblies. The C1709 mounting will be redesigned for inclusion at
approximately Ti and TIO-T12 locations. The T1O-TI2 position will be
substituted with a spacer, for future inclusion of the load cell. The lumbar 6
axis load cell will be implemented via a Denton C1708 as illustrated in Figure
#23.

2.7 System Architecture

In order to quantitatively measure the biodynamic response of the proposed
manikin system, it is necessary that a high speed, real time data acquisition
and storage system (DASS-II) be incorporated as an integral part of the
manikin design and development. The proposed system configuration is
generally illustrated in Figure 24. As indicated, the system is distributed
throughout the manikin, the processor subsystem within the chest cavity,
the analog subsystem within the enhanced pelvic assembly and the battery
assembly within the legs. This redistribution of the DASS-I1 enables the
blodynamic response characteristics of the manikin to be maintained, while
simultaneously providing the extensive electronics necessary to measure
and record the responses.

The recommended system architecture is Illustrated in Figure #25. As
indicated, the system Is subdivided into three manikin internal components;
analog subsystem, processor subsystem and power distribution subsystem,
and a external user interface/support IBM portable or laptop computer. The
processor subsystem is based on a CMOS 80286 processor, with addressing
capabilities of upto 16Mbytes (2Mbytes provided), serial communication
(R5232) and all digital timing and input/output logic necessary to control
the DASS-I operation. The analog subsystem contains all signal
conditioning circuits, multiplexing and analog to digital conversion to
support upto 48 channels.

Each analog channel contains a dedicated analog signal conditioning path
as illustrated In Figure #26. Each channel supports a differential
instrumentation amplifier with a variable, CPU prngrammable sampling
frequency and gain maintaining a full scale signal at the A/D converter.
Connected to the amplifier is a anti-aliasing filter, providing a CPU
adjust-.ble 500 hertz cutoff and a minimum rolloff characteristic of .45
db/octave. The filter is coupled to a dedicated sample and hold circuit, time
synchronized with all other channels. The analog channels are multiplexed
to provide two parallel analog input paths to the A/D converters, The A/D's
are high speed, biopolar input converters maintain.ing 12 bit resolution.
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The converter function and multiplexer addressing (selection of sensor
input) will be undei processor control. The parallel A/D path provides a
packed 3 byte data package (12 bits/channel) maximizing RAM utilization
(RAM utilization will be criLical due to size, power, density constraints). The
power subsystem provides the battery source (NiCAD battery packs) and
circuitry necessary to power manage the system, maximizing power
utilization and recharging, The laptop IBM, external to the manikin
provides the user interface to system, enabling the user to configure, test
and evaluate the system performance. Additionally, the IBM provides the
mass storage media to offload post experiment data, for processing and
analysis,

The DASS-11 function is defined by the assembly language operating
software, programmed into ROM. The software is structured as illustrated in
Figure #27, defining the full operation of the system.

Upon power up, the DASS-II processor enters a preflight mode updating all
status registers, memory pointers, communication ports, and hardware
latches. The prefllght software establishes communications with the
user/support computer, determining the variable experiment dependent
characteristics such as sampling frequency, number of channels, sensor
type and the sensor characteristics. Software developed on the DASS-II
processor and IBM will perform a handshake that relays requested data to
the requesting processor, Upon completion of preflight functions, the
DASS.-1 returns to the system monitor, awaiting function mode selection
from the user interface, The calibration software provides a means of
measuring the errors introduced from the sensor through all components of
the system. The system supports two modes of calibration, voltage
substitution and shunt. In the shunt (RCAL) mode, the processor shunt loads
each sensor with a known resistive load, measuring the sensor output at the
AID and storing results. In the automatic mode, the calibration software
provides a voltage substitution scheme simulating the range of analog
inputs into each channel. The system additionally maintains the capability
to perform pro and post experiment calibrations.

The data acquisition software is based on an interrupt architecture, where
an interiupt pulse is generated at the desired data sampling frequency. The
interrupt based acquisition Is enabled by start of experiment signal and
provides the hold signal to the sample and hold circuits, time synchronizing
all channels. Each interrupt triggered acquisition cycle will start the A/D
conversion process, and subsequently input data from the two parallel
converters, storing the packed 3 bytes sequentially Into memory. Each
sampling interaction blocks all corresponding channel data with preceding
elopsed time data and a poit data separator. Acquisition Is terminated and
returns to the system monitor automatically when either the maximum
experiment time or available memory has been exceeded. The system
software p )vidcs for diagnostics and self test capabilities to verify system
hardware and software operation. SLnsor and signal conditioning circuits
are tested using a process similar to that detailed for calibration. The
software checks selected portions or the complete RAM memory, writing
data to each location and successfully retrieving the data, The t!ming
(interrupt, sample and L.old) signals are verifled prior to experiment.
Communications with the user interface and the offload device (RS232) are
additionally verified.
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The communications software will provide the link between the DASS-11 and
IBM Interface, via a serial RS232 port shared by both processors. Each
processor operates asynchronously, monitoring arid relaying information
based on received ASCII function codes. Relaying of diagnostic and
calibration data is achieved in a similar manner with the remote unit
loading ;,he code, and the DASS providing the data via the RS232 interface.

32.8 Analog Subsystem

The knalog subsystem is housed within the enhanced pelvis and Is generally
illustrated in Figure #28. This subsystem consists of all the circuitry
necessary to signal condition the sensor Inputs of upto 48 analog channels
(24 provided). The subsystem Is divided into 4 distinct analog signal
conditioning modules, each housing 12 channels. Integrating with the four
signal conditioning modules, is a timing and control module providing the
interface of the analog channels to the processor subsystem computer bus.

2.8.1 Hybridized Annloa Sliral Conditionlna Path

As outlined, channel Is supported by a dedicated signal conditioning path
illustrated in Figure #26, and Implemented via dual channel signal
conditioning hybrids, developed by Applied Physics (AP-1000SC3), Each
hybrid supports a variable. CPU programmable gain, a tunable cutoff
frequency and roll-off characteristic of -42 dB/octave and dedicated sample
and hold circuit time synchronized with all the other channels. The hybrid
supports the ability to perform shunt (RCAL) calibration, offset adjustment
and setting of an external precision gain. The hybrid brings key inputs
and outputs to the hybrid case for testing. Additionally, errors resulting
from thermal effects on mismatched components is minimized to the precise
dice and materials utilized.

Functionally, the hybrid Is illustrated in Figure #29, and detailed in
Schematic #1, representing the dual channel analog signal path.
Referencing Schematic #I, each channel supports a differential input
precision Instrumentation amplifier (UI:U8). The amplifier (Analog Device
AD624) provides a high input impedance, low offset and drift, low
nonlinearity, low output impedance, a slew rate exceeding slew rates of the
typical sensor utilized and a bandwidth matched to sensor bandwidths. The
amplifier is programmable In seven discrete gain steps (1,2,4,5,10,25,50) by
varying the gain resistance via the latched gain-select multiplexer network
(US, U6:UI2, U13). The gain address AO, Al, A2, along with the channel select
A or B are generated by the processor subsystem. The amplifier output Is
provided to a cascade filter network (U2, U3. U9, UI0) implementing a 8 pole
Butterworth filter configuration. The low pass filter Is based on switched
capacitor technology supporting a programmable filter cutoff frequency
ranging from .IHz to 20 KHz, tuneable based on u reference frequency input
provided from the processor subsystem. Additionally, the filter provides a
fixed rolloff of -42 dB/octave. The filter output is provided to a channel
dedicated sample and hold (U4; UI1), which is used to time synchronize all
the analog subsystem channels. Both the filter outputs and S/H outputs can
be provided to the hybrid case, for PCM applications and multiplexing into
an A/D multiplexer network. The hybrid provides for internal power
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decoupling and groun.,inj. and supports for external resistors to provide
offset adjustments (ROFFSET), shunt or RCAL (RCAL) and exteinal gain
selection (Rg).

The functional characteristics of the Hybrid Applied Physics AP-1000SC3.
can be outlined in the following sperifications:

I. Amplifier Stage Characteristics

a. Low Noise 0.2 UV p.,0.lHz-10 Hz
b. Low Gain TC 5 ppm max
c. Low Nonlinearity .0019 maMR (Gainni to 200)
d. High CMRR 130 db
e. Low Input Offset Voltage 0.25 uV max
f. Low Voltage Drift 0.25 uV/OC nax
g. Gain Bandwidth 25 MHz
h. Programmable Gain 1,2,4,5,10,25,.;3 external
I. Input Range 5SVDC

I. Filter Stage Characteristics

a. Switched Capacitor Butterworth Imtplementation
b. Progi-ammable Filter Cutoff 0.1 Hz-20 KHz
c. Cutofr Frequency Accuracy .! .3%
d. Filter Rolloff .42 dB/octave

III. Samp:e and hold Stage

a. High Sample-to-Hold Current Ratio 106
b. High Slew Rate 5 V/us
c. High Bandwidth 2 MHz
d. Low Amperture Time 39 ns
e. Low Charge Transfer 10 pC

2.8.2 Analog Signal Conditioning Module

Each of the four analog signal conditioning modules are illustrated in
Figure #30. The exact module geometry will be based on the interior
dimensions and contour of the enhanced pelvis. Each module will be
fabricated into a multilcyer PCB, similar to the configuration illustrated in
Figure #31, encased in a fiber resin or aluminum block, milled to provided
side thickness on the order of 0.62 inches and a perimeter wall dimension of
.12' inches. These individual modules will be stacked and interlocked filling
the defined internal pelvis ervelope.

The analog signal conditioning module schematic is illustrated via
Schematic #2, and Is referenced in the following paragraph. Each module
consists of six dual channel hybrids (Ul, U2, U3, U4, UW, U6), address
decoding network (U8, U9) and an output multiplexer (U10). The module will
support two conn•ctors (P1, P2), where P2 Is defined as the analog bus
interconnecting all modules with a shared bet of signals. typically provided
by the processor subsystem 1/O. Connector P1 is a high density ITT CANNON
miniature connector, illustrated in Figure #32, providing all sensor inputs
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to the analog subsystem, and signal conditioned outputs to the processor.
The P2 anplog bus is defined in Table #4, while typical module 1/0 via P1 is
defined in Table #5. The module supports the inclusion multiple external
resistors integrated to each hybrid channel to provide voltage offset
adjustment, external gain set, and a calibration resistor for piezoresistive
transducer channels. Each hybrid is provided sampling (SIH) and filter
reference pulse trains from the processor buffered via U7. The individual
channel programming is accomplished by the processor controlled I/0
manipulating the channel select and gain select input, defined as OS0, GSi,
GS2, 03 and AO, Al, A2, respectively, One of eight possible modules is
defined via jumper block ENB, where ENBI defines module one, HNB2 defines
module two, etc., as indicated in Table #6. The individual selection of
channel is accomplished via the channel select lines OSO-0S3, as indicated
in Table #7. The gain Is programmed Into the selected channel and then
defined by the gain address lines A0-Al as defined in Table #8.

2.8.3 Analoy Control arnd Conversion Module

The analog control and conversion module is illustrated in Figure #33, The
module provides the multiplexed analog paths, secondary gain, automatic
voltage offset adjustment and analog to digital conversion. Additionally, the
module provides for multiplexor address generation and start of acquisition
determination.

The detailed module schematic Is shown In Schematic #3. The multiplexed
output of each module is multiplexed via analog multiplexers (UI:UI9),
These signals are then provided to a secondary gain amplifier (U2; U20), and
computer controlled automatic voltage offset adjustment circuits (U3, U4, U5,
U6: U21, U22). The offset adjusted multiplexed signal Is provided to the ADC.
500 analog to digital converters (U7; U26). Each converter is high speed 12
bit resolution convert with a maximum conversion time of 500 ns. The
converter provides both +/. 5 or +/. 10 voltage Inputs with outputs available
in two complement or bipolar. The recommended operation would i'cus on
+/- 5 voltage operation In the bipolar mode. The 12 bit binary resultant
output is Interfaced to the computer STD bus via 8282 octal latches (US, U9;
U23, U24). The acquisition mode of DASS-II focuses on a interrupt structure,
where an interrupt Is generated at the desired sampling frequency. The
CPU-I/O enables the input pulse to start the converters, The Schmidt trigger
(UIO; U25) pulse shapes the signal as required by the converters. The
multiplex address gencrators (U12, UII, U13, U14, UI1), consists of dual
binary counters (U12, UII) initially set to zero at the start of each
acquisition cycle (channel #1), At the end of each channel conversion
tycle 500 nanosec, the end of conversion signal (EOC) Increments the
address count to the next channel. Following the maximum cycle of 48
channels, the counters are reset for the next acquisition cycle. The start of
acquisition (enabling of the interrupt signal pulse train (INTRQ) Is
Indicated when one or more channel exceed a predefined threshold.



Typ.cal Analog Backplane P2:
Table # 4

P2-1 Enable Module 7
P2-2 Enable Module 8
P2-3 Mux Address Al
P2-4 Mux Address AO
P2-5 Mux Address A3
P2-6 Mux Address A2
P2-7 VI + 5 VDC
P2-8 V3 +V6 VDC
P2-9 V2 - 5 VDC
P2-10 S/H 3 Buffered Sample & Hold Module 3
P2-11 Ground
P2-12 S/H 2
P2-12 Ground
P2-14 S/H 1
P2-1 A2 Gain Control
P2-16 8/H 4
P2-17 Al Gain Control
P2-18 8/11 5
P2-19 AO Gain Control
P2-20 S/H 6
P2-21 OSI Gain Channvl Select
P2-22 Ref 6 F'lter Reference Nodule 6
P2-23 OSO Cain Channel Select
P2-24 Ref 5
P2-25 083 Gain Channel Select
P2-26 Ref 4
P2-27 082 Gain Channel Select
P2-28 Ref 3
P2..29 Enable
P2-30 Ref 2
P2-31 RCAL Control
P2-32 •ef 1
P2-33
P2-34 Enable Module 6
P2-36
P2-36 Enable Module 5
P2-37 Enable Module 2
P2-38 Enable Module 4
P2-39 Enable Module 3
P2-40 Enable Module 1
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Typical Analog Signal Conditijning Module I/O

MDM-100-095P -- P1 Connector

Pin # Group Code Description

1 Ml-01 BLACK OUT A CHANNEL I
2 Ml-01 BROWN -INPUT CHANNEL I
3 Ml-01 RED OUT B CHANNEL 2
4 Mi-Ol ORANGE +INPUT CHANNEL 6
5 MI-01 YELLOW PCM OUT B CHANNEL 2
6 MI-01 GREEN OUT A CHANNEL 6
7 M1-01 BLUE PCM OUT A CHANNEL I
8 M1-01 PURPLE
9 MI-01 GREY +INPUT CHANNEL 2

10 MI-GI WHITE -INPUT CHANNEL 2
it M1,-G1 WHITE/BLACK -INPUT CHANNEL 7
12 M1-q1 WHITE/BROWN +INPUT CHANNEL 10
13 Ml-01 WHITE/RED
14 MI-01 WHITE/ORANGE OUTPUT CHANNEL 3
15 MI-01 WHITE/YELLOW
16 MI-02 BLACK
17 MI-02 BROWN +INPUT CHANNEL 5
is MI-02 RED
19 M1-02 ORANGE
20 Ml-02 YELLOW -TNPUT CHANNEL 12
21 MI-02 GREEN +INPUT CHANNEL 3
22 MI-02 BLUE -INPUT CHANNEL C
23 MI-02 PURPLE OUTPUT CHANNEL 5
24 M1-02 GREY -INPUT CHANNEL 8
25 M1-02 WHITE -INPUT CHANNEL 426 Ml-02 WHITE/BLACK +INPUT CHANNEL 8
27 M1-02 WHITE/BROWN +INPUT CHANNEL 4
28 1I-02 WHITE/RED -INPUT CHANNEL 9
29 M1-02 WHITE/ORANGE -INPUT CHANNEL 4
30 M1-02 WHITE/YELLOW
31 M1-03 BLACK
32 M1-03 BROWN +INPUT CHANNEL 1
33 MI-03 RED OUTPUT CHANNEL 9
34 MI-03 ORANGE
35 M1-03 YELLOW OUTPUT CHANNEL 12
36 M1-03 GREEN
37 Ml-03 BLUE -INPUT CHANNEL 10
38 M1-03 PURPLE +INPUT CHANNEL 11
39 M1-03 GREY OUTPUT CHANNEL 6
40 M1-03 WHITE +INPUT CHANNEL 9
41 M1-03 WHITE/BLACK
42 MI-03 WHITE/BROWN OUTPUT CHANNEL 4
43 M1-03 WHITE/RED
44 Ml-03 WHITE/ORANGE OUTPUT CHANNEL 10
45 f41-03 WHITE/YELLOW OUTPUT CHANNEL 7
46 Ml-04 BLACK OUTPUT CHANNEL 11
47 M1-04 BROWN
48 MI-04 RED

19 l-04 ORANGE PC'*B CHANNEL 8
50 MI-G4 YELLOW OUT B CHANNEL 8
51 M1-04 GREEN -INPUT CHANNEL 11
52 M1-04 BLUE +INPUT CHANNEL 11



Module Selection
Table 1 6

ENB ENB2 ENB3 ENr.j ENB5 ENB6 ENB? ENB8 CHANNELS

0 0 0 0 0 0 0 0 DISABLE

1 0 0 0 0 0 0 0 J-12

o 1 0 0 0 0 0 0 13-24

o 0 1 0 0 0 0 0 26-M6

o 0 0 1 0 0 0 0 37-48

o 0 0 0 1 0 0 0 49-, 0

o 0 0 0 0 1 0 0 61-72

o 0 0 0 0 0 1 0 73-94

o 0 0 0 0 0 0 1 95-96

CHANNEL SELECTION

TABLE # 7

0S3 OS OSI OS CHANNEL/MODULE

o 0 0 0 CHANNEL
0 0 0 1 CHANNELS
o 0 1 0 CHANNEL 3
0 0 .1 1 CHANNEL 4

0 1 0 0 CHANNEL 6
0 1 0 1 CHANNEL 6

0 1 1 0 CHANNEL 7
o0 1 1 CHANNELS8
1 0 0 0 CHANNEL 9

0 0 1 CHANNEL 10

1 0 1 0 CHANNEL J1

10 1 1 CHANNEL 19

GAIN SELECT

FIOURE # 8

ENABLE A2 Al AO OAIN

10 0 0 1

10 0 1 2

10 1 0 4
10 1 1 5

11 0 0 10
10 1 2501 1 1 1 EXTERNAL R
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Comparator (U16) compares three transducer output to a fixed voltage
re. =ence (+Vref). Once exceeded, the start signal is latched via U17, U18
er. ling the acquisition cycling, until reset by the processor.

It ;s not completely clear whether this module will be housed within the
pelvis or within the chest cavity along with the processor. The component
layout has been confirmed to fit onto a module in size corresponding to the
pelvis geometry, however, the interface to the computer bus warrants the
module to be in the proximity of processor bus. Typically, extension of the
computer bus via a cable harness tends to increase noise on the bus
producing many undesired timing and communications problems.

2.9 DASS-11 Processor Subsystem

2.9.1 Requirements

The DASS-I1 processor requirements are functionally related to processor
throughput, memory "addressability and access speed. The processor must be
able to acquire and control a maximum of 48 analog channels sampled at a
maximum of 10000 Hz for several seconds providing direct storage of this
experiment data, along with calibration and status information. In addition,
the processor maintains communications with the user interface (laptop PC)
for control and data transfer.

The primary measure of processor performance is throughput, commonly
expressed as millions of operations per second or millions of instructions
per second. For this analysis, throughput is slightly redefined as the
processor's capability to perform a software controlled acquisition of 48
channels, specified as a function of sampling frequency. The throughput
can be specified as follows and is illustrated in Figure #34.

tp = N*C*fs

where: N = number of bits/channel
C = number of channels
fs = sampling frequency

Since processors typically handle data in bytes (8 bits) or 16 bit words, the
throughput is better represented in these terms. Consequently, 480K 16 bit
data words/second or 960K bytes/sec represent the minimum system
throughput requirement. At a sampling frequency of 10000 Hz, the
maximum acquisition time is 100 microseconds. Applied Physics has tested a
mock up acquisition loop on a 8088 at 8 MHz, indicating approximately 200
microseconds required to perform an acquisition of 48 channels, assuming
all instructions necessary to control the an:- subsystem as designed.
Clearly attaining the acquisition speed necessa.. is easily attained utilizing
the newer series processors such as the 80286, or 80386 operating at 20 or 25
MHz.

The system memory requirements for the DASS-II ar2 defined as a function
of A/D converter resolution, sampling rate, nur - of channels, and
experiment time. The relationship can be simply outiaed as follows:
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Mreg = N*C*fs*texp

where: N number bytes/channel
C a number or channels
fs = sampling frequency
texp = experiment time

Again, considering 48 channels at 16 bits/channel (12 bit converter output,
4 MSB bits each equal zero), sampled at 10KHz, the memory requirement
becomes 960 Kbytes per second.

The system will support a bus structure consistent with addressing,
communications and data transfer requirements. Communications must
exist between the user PC and the DASS-I processor, defining interactive
user/system operation. The processor/memory implementation must
minimize power utilization (since the system is battery powered), and
provid-e nonvolatile memory and data integrity for a minimum of 2 hours.
Finally, the system size and packaging must be minimized to mount the
system within the manikin.

2.9.2 Procesnor Module

It is recommended that the processor subsystem be based on a CMOS 80286
single board computer, implemented on a STD bus configuration. The small
size of the STD configuration 7.75" * 5.75" PCB makes it highly desirable in
comparison to the alternative VME or MULTI.BUS configurations. Applied
Physics has reviewed several commercial vendor configurations detailed in
Figures #35, 36. The specific requirements of this application will require
25 MHz operation, minimum ZMbytes uf memory, 2 programmable interval
times, sampling frequency, and filter reference and sufficient parallel
input/output to be included on the single module.

Applied Physics proposes the utilization of a Computer Dynamic SBC-AT, as
illustrated in Figure #37. The features of the processor module are
summarized as follows:

• 100% IBM compatible (hardware, software, BIOS)
• 80C286 CPU at 20 or 25 MHZ operation

I IM, 2M or 4M DRAM memory options
• 256K EPROM (DASS-JI operating software)
• Two RS232 communication ports
* Parallel printer port (8 parallel 1/O lines)
* SBX extension
• Single 5NDC operation
* Dual interrupt controllers
* 3 Programmable interval timers

In order to provide additional parallel I/O capability, the processor STD
module will be interfaced with an SBX module as illustrated in Figure #38.
The system will additionally use a CDX-P48 manufactured by Computer
Dynamics. The CDX-P48 is a general purpose, 48 line parallel input/output
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, SYSTEM 2 MODEL 60
-. :. INDUSTRIAL COMPUTERS

System 2 Model 60 is a rugged 80C286-based FUNCTIONAL CAPABILITY
PCJXT-compatiblo Industrial computer that provides h performance of the System 2 Model 0
performance comparable to or exceeding that of many =ndutrI Computer allows it to perform a wide variety of
80386-based computer systems. The reliability andc
modularity or Model 60 make it ideal for embedding into coiplex and extensive control functions. Even as a
high.perrormance control systems that must operate In single CPU cad system, the Model 60 executes DOShars envronmntsprograms at more Alan three times the speed or an 8.0
bomb environments. MHz PC/AT. For even higher real.time performance,

Based on Pro-Log's 7892 System 2 Model 60 80C286 Model 60 can be expanded to Include additional

CPU Card, Model 60 supports the use or additional multimuter pcessors.
Pro-Log multimaster CPU cards to further Increase system Model 60 Core System
throughput. With the addition of peripheral and industrial
1/0 Interfaces, the system can be customized for robotics. The core system consists or the 7892 System 2 Model 60
machine control, data acquisition, test and measurement, I0C286 CPU Card and the 7171A System 2 Multmaster
and other industrial or data processing applications. Support Card installed in a BX-Serles card rack.

Because Model 60 is PC/XT-compatible and contains The 7892 System 2 Model 60 80C286 CPU cards Include
Microsoft'3 MS-DOS 3,30 operating system in a the O"C286 microprocessor and Its associated support
semiconductor (ROM) disk, you can use a wide range of circuitry, the multimaster bus Interface, PC/XT.
familiar software tools and applications programs for compatible BIOS PROM and peripheral devices, a full
system development and integration. The modular and 640 KBytes of DRAM system memory, shadow RAM
open architecture of the system allows It to be expanded operation of the BIOS and BIOS extensions (where code
and upgraded in the suture to meet new requirements. In PROM is moved Into on-card DRAM for faster

execution), and a socket for an optional 80287-compatible
FEATURES numeric coprocessor. The standard Model 60 CPU card

Is the 7892-02. which Includes a 25 MHz 80C286. The
M Provides h zgh.performance s0C286 computer in 12.5 7892-03 Is a lower-cost version with a 12.5 MHz 80C286.
MHz aind 25 MHz versions

5 Norton SI rating or 28.8 (for 25 MHz version) The lIT 2C87 numeric coprocessor is used to provide
a Supports multimster (multiple-processor) designs 80287 functions. The 2C87 is fully software-compatible
5 ROM -based MS-DOS 3.3 Operating System with the 80287, performs calculations at least three times
U 640K bytts of DRAM system memory faster than the 80287, uses 40% less power than the
* BIOS and iIOS extensions are transferred to DRAM 80287. and operates over the full 0 to 650C temperature

on boot-up for fast execution range.
* Optional math coprocessc.
0 IBM PCIXT-compatlble RS-232 port, counter/tOmer, The 7171A System 2 Muldmastcr Support Card includes

and interrupt controller a wide range or facilities to support the Model 60 CPU
* of. to 650C operating temperature range card. including a ROM disk drive containing the MS-DOS
n Withstands up to 40g shock and 5S vibration operating system and utilities, bus terminalion circuitry, a
8 Core system MTBF grentel than 6 years precision reset circuit. power indicator LEDs. global
* Five-year parts and labor warranty RAM used for communicakions between multimaster CPU

cards, and the multimaster clocking signal used for bus
arbitration.

VENDOR CPU CONFIGURATION 1
FIGURE 35



;44

NEW 386SX: COMPUTEA
SUPERCHARGES'STUBUS

;,rx sZiatech introduces
%Lilw 32-bit.STD bus"

<~~'rowh'pth to 32-bit perform.
ceudto fill the need for a

W,4 fima~ll~forrnot,' 32-bit Industrial
,tomputer, Ziatech has developed

* ~~a~ew~ba$* standard" called!
"TD 32~

or lit d to path over the bus,

454 1' ~ Contlnued on page A)
* ~ 4 4.4k

4~1 44r 
11

SIP 32 Put in

ST A 3ine2 Gentle

higSprormne Clan ...e....8910..... Page

rewZiatech's ZT 890.ds~a or. 'A Kidr Gent~ler'..czthatrev-. M ROM Too Nta............ Page

'vides 386SX performance, 100% I ously required the kiseofoalorgeri'W4 i

IBM Ar software compatiblity, format and more expensivesoAu4J.? '!. V
and over 4 Mbytes of on-board tion such as V1ME or MtiLMlUS~ y4ý,I ~
mem otycapacity. .. (Continued on tpoe. )

* 4 . 4 ziA~~r=CHT

VENDOR CPU CONFIGUTRATION 2 .A
FIGURE. 36



(' COMPUTER DYNAMIC% INC.
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board design on a SBX platform. This product contains two Intel 8255 1b0
devices which allow flexible programmability for control of the analog
subsystem.

2.9.3 DASS-I1 Storage Memory

As indicated, the DASS-I1 must support a minimum storage capability of 960K
bytes per second. As was pieviously agreed, 2 Mbytes easily satisfies the
DASS-II requirements at this time and can easily be expanded in the future.
As indicated, the proposed SBC-AT processor module satisfies the memory
requirements via the on-board DRAM. Because of low power consumption of
this module, the processor subsystem of DASS-II can easily be powered for
the 2 required hours, prior to data offload or transfer to the laptop support
computer.

As a preferred alternative, Applied Physics proposes the utilization of a
credit card memory device as illustrated in Figure #39. These products
provide several problems that need to be addressed prior to commitment on
being able to utilize them on this design. First, these devices must be of
sufficient speed (memory access time) to enable real time data storage by
the processor. Secondly, these memory devices must be interfaced with the
DASS-I1 STD computer bus, Thirdly, to be able to use these credit card
memories, the supporting IBM must also be able to read/write onto these
modules, This Involves development of a IBM bus interface module and DOS
software driver. These tasks may represent a increased cost to the contract,
since they are beyond the original scope and will require additional
evaluation during phase II. Clearly, this alternative is highly desirable,
providing easy data transfer even If the manikin processor system is
destroyed or damaged.

Should these memory devices be used to slow for real time access, they can
alternatively be used as an manikin internal data transfer device. For
example, post experiment data Is offloaded from the DRAM to the memory
card, after which time the manikin Is shut down. Because of the extensive
time from post experiment to data offload complete, significant battery
power can be saved utilizing this alternative.

2.10 DASS-11 Operating Software

The DASS operating software defines the detailed functioning and operation
of the microprocessor-based system. The system software is written in
assembly language, a source code language employing mnemomic
Instructions, translated into machine (binary language) program by
substituting operation code3s and addresses. The primary operating software
is permanently stored in ROM. The DASS operating software defines and
sequences the system functions of acquisition, calibration, diagnostics,
communications and control of all logic and analog circuits. The software is
divided into the following modular subioutines or function units:

* System Monitor
* Preflight

* Cslibration
* Communications
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* Acquisition
* Data Transfer

These subroutines constitute the DASS-I operating system and will be
initiated through communication with the user PC interface establishing an
optimized operating scenario.

2.10.1 DASSR.IT ]Bi Suppnrt Cnnmputer Ceammunleatigs

Communications between the DASS.4I microprocessor and the support PC
will be achieved via a series of transmitted ASCII command codes, Typical
operation of the communications interface can be outlined as follows:

I) The user selects an option from the IBM main menu or submenu
provided to the user on the IBM.

11) Based on the option selected, a unique ASCII character command
code is sent to the DASS-I1 via the serial RS232 port.

ill) The DASS-I1 transmits to the IBM on the RS232 a unique function
acknowledgement character indicating command received and
acknowledged.

Iv) The DASS.II then performs a specified option or subroutine and
transmits a response ASCII character code, if necessary. For
example, the diagnostics option can transmit test pass/fail status
to the IBM.

v) The DASS-I upon completlon of the specified task, transmits a
function complete ASCII code to the IBM,

v I) The IBM will then return the user to the main or submenu for the
user to perform the next function.

vii) Options involving data offload such as CAL data transfer or all data
transfer will utilize the RS232 port to offload datM. All data will
be transferred as ASCII characters with unique start/stop control
characters used to stop transmission.

2.10.2 Pvreflight/Inltialization

The "Preflightflnitialization" routine will automatically execute at power up
or system reset, initializing and specifying the variable system
characteristics. The initialization routine, Illustrated In Figure #40 will
initialize all the parallel I/O ports on the CPU module and the SBX module.
The system will support a default configuration such that the routine sets
the default channel gains and sampling frequency as deflhed in ROM based
system tables. Gain will be set by outputting via the SBX, the channel select
and gain select address to each of the hybrids as pre, iously defined. The
initialization routine finally checks all counters and latches to be used by
the system. Once completed, the routihc exits to tlhe system monitor.
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2.10.3 System Monitor

The system monitor software as illustrated in Figure #41 will maintain
communications with the user support IBM computer and processor and
decode the command strings as detailed above. Once command codes have
been decoded, DASS-II operation is directed to the subroutine performing
the desired operation.

2.10.4 ,isitJL.L•n

The optimized acquisition routine is Illustrated in Figure #42 and is divided
into two parts, a preinterrupt setup portion, updating the necessary
counters and registers, and a interrupt response section performing the
actual data acquisition for each 1,r'!rrupt. In the preinterrupt phase, the
routine will verify the number of Ave channels, update the time markers,
memory pointers, and elapsed tinm. counter. Upon the occurrence of an
interrupt pulse, the acquisition algorithm will initiate an A/D conversion
and enter a 500 nanosecond converting wait loop. The routine will input 4
bytes of data from the dual 12 bit A/D paths and store the raw data directly
into memory. Subsequently, the routine will update the memory pointer
and check whetl all channels have been collected in this cycle. If not,
conversion is iniLated on the next set of channels. If all channels have
been acquired. acquisition will terminate with an end of cycle "*" character
stored into memory and reset all counters, pointers and latches reset. The
routine then returns to the preinterrupt section awaiting the next interrupt
cycle. Once maximum elapsed time or available memory has been expended,
the system will manage the power assembly controller and shut down all
unnecessary power except memory backup.

If the credit card memories are utilized in the backup module (not as a real
time storage source), data will be transferred from the processor RAM to
credit card memory prior to shut down.

2.10.5 Da ansfe

The data offload or transfer routine is illustrated in Figure #43. This routine
will basically offload sequentially all data stored within the DASS.II
memory. Prior to transfer via the RS232, the AID data will be converted
from binary to ASCII. Once all data has been transferred, a unique end of
file and end of transmission character will be sent. Should the credit card
memories be utilized, this routine will be replaced with memory to memory
transfer routine with the conversion to ASCII performed either on the
DASS-I or IBM. As before, upon completion, the subroutine will return to
the system monitor.

2.10.6 C.aibio.i.Ln

The calibration software as defined in Figure #44 will support both an RCAL
or shunt calibration scheme for plezoresistive bridge type transducers, and
a voltage substitution mode. The calibration routine will be performed at
user denned requests for verification of sensor operation and automatically
at pre and post acquisition cycles. In the RCAL mode, the shunt resistors
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RCI-RC12 mounted on the analog signal conditioning module will be
switched across the output to the transducer. Seiasor output will be collected
via the analog and convener path and stored within the DASS-I1 memory. If
this is a requested calibration cycle other than pre or post acquisition, data
will be offloaded via the RS232 to the IBM for user review. Upon the
completion, the routine will return to the monitor.

2.10.7 DJina gn.s±

The diagnostics software will be used to evaluate the operational integrity of
major components of the DASS-II. The flowchart of Figure #45 outlines the
diagnostic tests as follows:

Test RAM Memory
Test Power
Verify Sensor Operation
Verify RS232

The memory test algorithm is illustrated in Figure #46, where all RAM
memory is tested by loading a predetermined test word into each memory
location, followed by a read and verification of memory consistency for
each location, Each discrepancy is Identified and marked. If a maximum
error count is exceeded, an error status message is sent to the IBM. If the
test passes, a pass status Is provided to the DASS.

The power test subroutine Illustrated in #47, inputs a power status byte from
the power monitor board, decodes the status and sends the appropriate
pass/fail status to the IBM. If any of the voltages are not present, the test
will be defined as failure status.

2.11 Power Subsystem

The proposed subsystem provides for system power and regulation circuitry
allowing the DASS-1I to be powered internally via a custom high density
battery configuration or via an external power source. The internal battery
modules are all self-contained within the Hybrid III legs and ruggedized to
withstand the specified euvironment. The battery packs will be distributed
within the upper thigh, in a star wheel/cylinder housing as illustrated in
Figure #48. The assembly will consist of multiple Nickel Cadmium packs
dedicated to specific functions, such as DASS-II power, sensor power, C
The use of multiple packs as compared to single large packs with taps .A
specific voltages has several key advantages. The ability to drain NiCAD
batteries (+/. V) equally Increases battery life. Rarely, utilizing taps can
voltage drain be equalized. Secondly, power management schemes,
controlling power to certain system components (i.e. sensors), require
dedicated pack arrangements. The multiple pack scheme Increases the
number of cells, however, at the projected voltage requirements and
discrete voltage.s, it is recommended at this time to consider multiple packs.

Investigation of various battery types lithium, lead acid, gel acid, etc. have
indicated two main problems. One, many of higher density power cells
contain corrosive materials which should they be damaged can destroy the
DASS-I electronics. The problem with the noncorrosive type of batteries
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such as the lithium type cells is that they do not provide the output loads
necessary to opcrate the DASS-II and sensors for any significant period of
time,

In support of the NiCAD battery packs a power control module will be
necessary as Illustrated in Figure #49 and detailed in Schematic #4. Shown
are the multiple battery packs Identified BPI-BP4 Interfacing to a control
module housing multiple relays RI-RI4 and reverse flow limiting diodcs,
The relays are shown as (NO), normally open or NC, normally closed
Illustrate battery system operation. In the case of external power operation,
the DASS-I1 will open relays R4-RI4 disengaging the batteries. The diodes
protect the batteries from possible reverse current flow from the external
power source. In the recharge mode, all battery pack ground,, must be
disconnected from the DASS.II enabling the charging current to flow
equally through all the cells. The actual pack sizes and power requirements
will be established during phase II, as specific components are defined.

2.12 Support Computer SysteM

The manikin based DASS-I1 Is designed to be integrated Into the manikin and
accessed through the use of a laptop or portable IBM PC or compatible. This
support PC will provide several key functions in the application and
utilization of the enhanced manikin system. First, this computer will
p,-ovide the communication platform and user Interface to the DASS-II. All
DASS-11 functions, such as Initialization, calibratlon, diagnostics and
acquisition will be controlled via the user interface. The command
structure of sending ASCII codes to Initiate operations and signal operation
completion. Secondly, the IBM provides the offload media or resource for
the DASS-.I. Following an experiment, data will he transferred from the
DASS-I1 memory onto the IBM hard disk via the RS232 intorface. As was
discussed previously, as a alternative the credit caid memories will be
utilized, requiring a hardware Interface on the IBM and driver software to
function under DOS. The third function of the IBM Is to provide data
processing and analysis of the offloaded data. The data transferred will
probably be Interleaved maximizing DASS-I1 memory utiliration, requiring
data to be sortqd into individual files, for example a file for each channel
and an elapsed time file. The data within these files will be converted to
scientific units Indicative of the sensor function, utilizing the calibration
parameters provided by the manufacturers. The IBM will support graphics,
enabling channel data to be displayed for evaluation and review. Beyond
the scope of this contract, the IBM can process the channel data into the
accelerations, velocities, displacements, attitudes, loads and moments of
Interest, translate the parameters to the anatomical points of interest, and
performance statistical comparisons to various databases to evaluate,
response, physiological acceptability and injury mechanisms. It !.t
:=commen .ed that the systema as cutlinird !r. Figurr .49, be utilizcd iv a
guideline for the IBM support computer. The system provides suffir eat
capabilities for the required tasks and the future processing task mentioned.
The system supports the high resolution graphics and high density disk
requirement to satisfy the program needs.
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2.13 Software

The use interface software will consist to multiple graphic screens detailing
end highlighting the operational interface with the DASS-II. The typical
proposed operation is outlined as follows:

Upon power up. the main screen, illustrated In Figure #50, comes up while
specific parameters are initialized and communications with the DASS-I1 are
established. If communication fails, an error message will be provided to
the user, requiring the user to correct the error. The main screen will be
followed by the options selection display. illustrated in Figure #51. From
this display table, the user selects the desired functions. As In the case of
initialization, illustrated in Figure #52, in progress, completion and error
messages will be provided. In the case of futi-.dons such as calibration and
diagnostics, sequential options will be provided as illustrate in Figures #53.
and 54. Upon completion of each display function, operation is returned to
the previous display segment. In the case of acquisition, the message
illustrated in Figure #55, indicates that the IBIM will be disconnected from
the DASS-1l for the experiment. As in previous cases, the data offload
procedure will support several options as illustrated in Figure #56. The code
to communicate with the DASS-JI, generate the user interface displays and
display results to the user will be developed at a higher level language such
as C or Fortran.
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